Purpose: Evidence suggests that chronic obstructive pulmonary disease (COPD) symptoms and progression may differ between men and women. However, limited information is currently available on the pathophysiological and biological factors that may underlie these sex-related differences. The objective of this review is to systematically evaluate reports of potential sexrelated differences, including genetic, pathophysiological, structural, and other biological factors, that may influence COPD development, manifestation, and progression in women. Patients and Methods: A PubMed literature search was conducted from inception until January 2020. Original reports of genetic, hormonal, and physiological differences, and biological influences that could contribute to COPD development, manifestation, and progression in women were included. Results: Overall, 491 articles were screened; 29 articles met the inclusion criteria. Results from this analysis demonstrated between-sex differences in inflammatory, immune, genetic, structural, and physiological factors in patients with COPD. Conclusion: Various biological differences are observed between men and women with COPD including differences in inflammatory and metabolic pathways related to obesity and fat distribution, immune cell function and autophagy, extent and distribution of emphysema and airway wall remodeling. An enhanced understanding of these differences has the potential to broaden our understanding of how COPD develops and progresses, thereby providing an opportunity to ultimately improve diagnosis, treatment, and monitoring of COPD in both men and women.
Introduction
Chronic obstructive pulmonary disease (COPD) was, until recently, largely considered a disease of elderly men who smoke. 1, 2 However, as our understanding has evolved, COPD is increasingly being viewed as a disease that greatly impacts women as well, especially with the increased prevalence of smoking among women. [3] [4] [5] [6] A meta-analysis of 156 studies reported that globally, in 2015, an estimated 9.23% of the men and 6.16% of the women had COPD. 7 While gender-wise prevalence varied widely among the different World Health Organization Global Burden of Disease subregions, the highest prevalence among women, at 7.30%, was in North America. 7 A concerning shift toward an increase in the incidence and prevalence of COPD in women under 60 years of age has also been noted. 8, 9 This rising prevalence of COPD among women also means that more women are dying of COPD, with global projections indicating that women are at a greater risk of dying because of COPD than breast and lung cancer combined. 10 A 2016 report from the Centers for Disease Control and Prevention revealed a decline in the ageadjusted COPD-related death rate for both men and women from 2000 through 2014, but the decline was more rapid among men. 11 Various behavioral, environmental, sociocultural, and clinical factors have likely contributed to the rising prevalence of COPD in women. One of the greatest risk factors for COPD in the developed world is cigarette smoking, 2 which peaked among women in the US in the 1980s. 6 Other risk factors for COPD in women include exposure to biomass smoke-especially in women from developing countries; 12, 13 occupational exposure to textiles, ceramics, glassware, and brassware; 14 and respiratory infections, such as tuberculosis. 15, 16 Notably, women also comprise the majority of never-smokers who develop COPD, further suggesting gender differences in risk factors for disease development. 17 Data suggest that disease progression and presentation may also differ between the sexes. 9,18-21 A meta-analysis of population-based cohort studies reported that female current smokers, with increasing age, experience accelerated annual decline in forced expiratory volume in 1 second (FEV 1 ) compared with male current smokers. 21 This is corroborated by data from a recently published large cohort study in the United Kingdom, which showed that women had a greater risk of airflow obstruction than men despite exposure to similar tobacco dose. 22 In the cross-sectional, populationbased, Proyecto Latinoamericano de Investigación en Obstrucción Pulmonar (PLATINO) study, women reported more dyspnea and greater physical limitations than men. 18 Multiple studies have also demonstrated more frequent exacerbations among women with COPD than men with COPD. [23] [24] [25] Together these findings provide strong evidence for differences in clinical presentation and manifestation of COPD between the sexes. However, the underlying cause driving these sex-specific differences remains largely unknown. Few studies have been conducted to understand the pathophysiological causes of the differences between men and women with COPD. Consequently, the objective of this analysis was to systematically evaluate reports of potential sex-related factors, including genetic, pathophysiological, and structural differences, as well as other biological factors, that may influence COPD development, manifestation, and progression in women.
Methods

Search Strategy
This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. 26 A PubMed search was conducted from inception until January 9, 2020, for articles using the following terms: ( 
Study Selection
Articles retrieved from the PubMed search were imported into an EndNote library. Titles and abstracts were screened by Suchita Nath-Sain (SNS) and Maribeth Bogush (MB) and independently verified by MeiLan K Han (MKH). Articles were included if they were original reports of genetic, hormonal, and physical differences (eg, airway and lung size) and biological influences that could contribute to COPD development, manifestation, and progression in women. Narratives and systematic reviews, letters to the editor, congress reports, editorials, errata, withdrawals, newsletters, and articles that focused on men or animal models, or those that reported on adherence, asthma-COPD overlap, clinical characteristics, comorbidities, epidemiology, healthcare costs, hospitalizations, monitoring, risks associated with COPD, quality of life, and underdiagnoses were excluded.
After application of the inclusion and exclusion criteria, full texts of the remaining articles (and their reference lists) were reviewed by SNS and MB to identify articles for this analysis. Categorization of articles meeting the inclusion or exclusion criteria and relevant data extraction were performed by SNS and MB and independently reviewed by MKH. Any disagreements were resolved by consensus-based discussions.
Results
Study Selection
Overall, the PubMed search yielded 491 relevant articles ( Figure 1 ). After review of the titles and abstracts of all the articles, 441 articles were excluded from the analysis as they did not meet the inclusion criteria. Of these, 35 .8% (n=157) were studies in men alone and 7.3% (n=32) were review articles. A total of 50 articles were considered for full-text review, including 12 articles for which no abstracts were available. After a full-text review, 29 articles were included in the analysis ( Supplementary Table 1 ); of these, 1 was added following a review of the reference lists of eligible articles.
Summary of Study Results
The studies included in this analysis included 298,975 healthy individuals or patients with COPD. Overall, results from this analysis demonstrated between-sex differences in inflammatory, immune, genetic, structural, and physiological factors in patients with COPD (Supplementary Table 1; Figure 2 ).
Inflammation and Obesity
COPD is characterized by chronic inflammation of the lungs especially in the lung parenchyma and peripheral airwaysas well as systemic inflammation, which may contribute to comorbidities. 27 Several inflammatory mediators, including lipid mediators, play an important role in the inflammatory pathways involved in COPD. 27, 28 As such, studies have been conducted to understand the role of lipid mediators in sexrelated differences in COPD. 29 [GOLD] stage 1-2/A-B), identified a 9-lipid panel that differentiated female smokers with COPD from those with normal lung function. 29 The panel included mediators from the linoleic acid-derived cytochrome P450 (CYP) pathway, as well as arachidonic acid-derived products of thromboxane synthase and 5-lipoxygenase. Notably, this difference was not observed among men, suggesting a female-dominated disease subphenotype.
Adipokines are cytokines secreted by adipose tissue. 31 Leptin, a pro-inflammatory cytokine, and adiponectin, an anti-inflammatory cytokine, have been implicated in the pathogenesis of COPD. 31 Circulating leptin levels increase in women with COPD but not in men with COPD or healthy women. 30 Moreover, circulating leptin levels correlated with plasma C-reactive protein (CRP) levelsa marker of systemic inflammationin women with COPD, but not in men. 30 Leptin is produced by adipose tissue and is believed to be important in regulating body weight. 32 In individuals without COPD, leptin levels are higher in women at any given measure of obesity 33, 34 suggesting that sex-based differences in fat distribution may contribute to this finding and could also drive excess inflammation in women with COPD. Another adipokine, fatty acidbinding protein 4 (FABP4), which is an intracellular lipid chaperone playing a role in the regulation of inflammation, has also been found in higher levels in women than in men with COPD. 35 Notably, a positive correlation between plasma FABP4 and CRP levels has been found in women with COPD. Hence, it is possible that sex-driven differences in adipokines could contribute to clinical phenotypic differences observed between men and women with COPD. Both leptin and adiponectin have been associated with lung function decline 36 and exacerbations in patients with COPD. 37 Data from ECLIPSE (Evaluation of COPD Longitudinally to Identify Predictive Surrogate End-points), a multicenter, observational COPD study, also demonstrated a gender association between body composition and inflammatory mediators in COPD. 38 Computed tomography (CT) scan of chest of smokers (≥10 pack-years) with COPD showed that women, compared with men, had a significantly lower pectoralis muscle area (PMA) and a higher subcutaneous adipose tissue (SAT) area. 38 Moreover, SAT area was directly associated with CRP and fibrinogen levels in women, while PMA was not associated with any biomarker in either sex. 38 In a crosssectional study of patients with COPD, between-sex differences were observed in the plasma levels of pro-inflammatory cytokines (interleukin [IL]-6 and IL-16) and injury and repair (vascular endothelial growth factor [VEGF]). 39 Although the plasma biomarker levels were similar in men and women smokers without COPD, significantly lower levels of IL-6 and VEGF and higher levels of IL-16 were observed in women vs men with COPD. 39 Furthermore, higher IL-16 levels were associated with greater body mass index (BMI) in women with COPD, whereas VEGF levels were associated with markers of lung hyperinflation and emphysema only in men. 39 While these data suggest that greater BMI in women with COPD may be associated with higher levels of inflammation, other data suggest lower BMI may also be associated with increased inflammation for women with COPD. In a separate study of malnourished men and women with COPD, differences in the serum concentrations of inflammatory cells and inflammatory markers were observed, with circulating neutrophils being significantly more abundant and mean CRP levels higher in malnourished women than men. 40 Furthermore, there was a trend towards higher levels of the neutrophil-mobilizing cytokines IL-6 and IL-8 in malnourished women compared with men. 40 Similarly, another study showed higher levels of pro-inflammatory cytokines including tumor necrosis factoralpha and IL-8 in women with COPD than men. Moreover, women with COPD had a higher prevalence of signs of type II fiber atrophy (smaller cross-sectional area) and lower quadriceps muscle strength compared to men. 41 Other studies have examined the relationship between circulating inflammatory markers and clinical outcomes. Two studies investigated the association between CRP levels and lung function. 42, 43 In participants from the European Community Respiratory Health Survey, higher CRP levels were significantly associated with reduced lung function (FEV 1 ) in both men and women, although the decline in FEV 1 was significantly higher in men than in women. 43 In the Swiss Study on Air Pollution And Lung Disease In Adults (SAPALDIA), weight gain and rapid FEV 1 decline were associated with elevated levels of high-sensitivity CRP; the association was significant in women but not in men. In totality, these data suggest that weight gain may be a greater risk factor for increased inflammation and COPD disease severity, particularly in women with COPD. 42 
Dysregulated Immune Cell Function and Autophagy
T lymphocytes are an important component of the adaptive immune system and their levels are higher in patients with COPD. 44 T lymphocytes are directed to the site of inflammation when chemokines expressed on their surface bind to chemokine receptors. 44 An analysis of chemokines and T-cell chemokine receptor expression in never-smokers, smokers with normal lung function, and patients with COPD showed a higher expression of the chemokine receptor CCR5 on CD8+ T cells in the blood of women smokers compared with men smokers, indicating a genderdependent T-cell profile in COPD. 44 This difference in the expression of chemokine receptors could contribute, for instance, to gender differences in disease susceptibility. CCR5 expression on CD8+ T cells has also been associated with COPD severity. 45 The process of maintaining cellular homeostasis through lysosome-dependent destruction of damaged proteins, lipids, and organelles is called autophagy. 46 Dysregulated autophagy, which occurs in COPD, leads to enhanced production of reactive oxidant species and contributes to airway inflammation in smokers. 47 This process is important in COPD both in epithelial cells, where cigarette smoke induces aberrant autophagy and may promote cell death, and also in immune cells, where dysregulation may impair the ability of cells to clear respiratory pathogens. 48 In the Karolinska COSMIC cohort, proteomic profiling of lung immune cells revealed several phagocytosisrelated pathways to be more dysregulated in women, including Fc-gamma receptor (FcγR)-mediated phagocytosis, and regulation of the actin cytoskeleton, which correlated with lung function; and lysosomal pathway, which correlated with emphysema. 49 Using high-resolution mass spectrometry of blood samples, increased oxidative stress in women was also demonstrated in this cohort. 50 In particular, greater β-oxidation, endocannabinoid production, and purine degradation, as well as the ratios of free carnitine to medium-and long-chain acylcarnitines, were significantly increased in women relative to men.
Further, liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) of BALF samples showed upregulation of the oxidative phosphorylation pathway and downregulation of the lysosomal pathway in women with early-stage COPD vs nonsymptomatic smokers and men. 51 Lysophosphatidic acid, an autotaxin product involved in phospholipid metabolism, correlated significantly with FEV 1 in men, but not in women with COPD; greater increases in levels of autotaxin-regulating micro RNA in bronchoalveolar lavage cells of male COPD patients relative to female patients were also seen. 50 An analysis of oxidative stress markers demonstrated significantly higher systemic lipid peroxidation levels in women than in men with COPD, which was associated with a decrease in exercise capacity. 52 Hence, we see greater oxidative stress in women as compared with men, which may relate to an upregulation of protective antioxidant pathways in men.
Further quantification of tryptophan and metabolites (serotonin, kynurenine, and kynurenic acid) by LC-MS/ MS in this cohort was also performed. 53 In this exploratory analysis of 38 participants with COPD, 39 neversmokers and 40 smokers without COPD, major differences between tryptophan and metabolites were not seen between men and women. However, an increase in serum serotonin in women better correlated with BAL CD4+ and CD8+ T-cell counts in female but not male smokers suggesting a potential difference in inflammatory pathways as outlined above.
The mechanism for these sex differences in cellular function is still unknown. In a study examining blood and sputum samples from individuals with COPD, very few autosomal genes were found to be differentially expressed although, using a network analysis approach, significant differences in targeting patterns between men and women were seen, suggesting entirely different regulatory networks. 54 However, another study examining specifically the transcriptome of circulating leukocytes before and after smoking in COPD patients and resistant smokers (with normal spirometry) identified sex-specific differences in the transcriptomic response of peripheral leukocytes, suggesting smoking itself may evoke a sexspecific phenotype. 55 
Structural and Physiological Differences
Changes in lung structure could also influence disease presentation. [56] [57] [58] Genome-wide, single-nucleotide polymorphism (SNP)-by-sex interaction testing demonstrated that an SNP in the cadherin EGF LAG seven-pass G-type receptor 1 (CELSR1) gene was associated with COPD in women but not in men. 59 CELSR1 is involved in early lung development, which could ultimately contribute to structural differences in adulthood. 59 In a study of intrathoracic tracheal collapsibility in patients with COPD, women with COPD had a significantly greater degree of tracheal collapsibility than men. 56 Furthermore, women with a predominant conductive airway phenotype had a significantly greater degree of collapsibility than women with a predominant emphysema phenotype. While, in this study, no relationship was observed between intrathoracic tracheal collapsibility and symptoms, a separate study on expiratory central airway collapse (ECAC) identified on CT imaging found female sex to be associated with higher prevalence of ECAC, and ECAC was associated with increased symptoms as measured by the St. George's Respiratory Questionnaire score. 60 Data from the National Emphysema Treatment Trial also suggest disease distribution and histological differences between men and women with COPD. 61 In patients with severe COPD, CT images showed that women had less extensive emphysema, characterized by less peripheral involvement, and smaller hole size compared with men. 61 Furthermore, women reported greater breathlessness compared with men at similar degrees of airflow obstruction and emphysema severity. 61 Interestingly, an analysis of a subset of National Lung Screening Trial CT scans also showed that men had more emphysema than women at all stages of COPD severity. 62 Similarly, quantitative analysis of highresolution CT images from a patient population of smokers with relatively early-onset severe COPD (International COPD Genetics Network [ICGN]) also demonstrated that men had more severe emphysema, even after adjusting for lung function and smoking history. 63 In a small Chinese study, again men had greater extent of emphysema than women. 64 In COPDGene, men were also found to have greater overall percent emphysema, except a subset of women with early-onset COPD who had similar emphysema to men but lesser smoking history than men. 65 In another analysis, multidetector CT scans of heavy smokers recruited for a lung cancer screening project, showed that women had a less extensive emphysema phenotype in each pulmonary lobe than mencharacterized by smaller areas and slightly less concentrated in the core of the lung. 66 Overall, these data suggest that while women with COPD on average may have less emphysema, emphysema distribution may differ from men. Further, there appear to be subgroups of women who are still particularly susceptible to parenchymal destruction.
With respect to airways disease, among the generally severe, emphysematous patient population analyzed in the NETT, histological analyses of resected tissue revealed that women had smaller airway lumens with thicker airway walls than men. 61 However, quantitative analysis of highresolution CT images from the ICGN patient population failed to detect a gender difference in airway wall thickness 63 as did the small Chinese study referenced above. 64 We must also consider whether such differences relate to female gender specifically as opposed to just an impact of COPD in women. In a separate retrospective study of individuals with COPD, larger wall area percent but smaller lumen diameter and wall thickness were seen regardless of smoking status. 67 Further, in an analysis of non-smokers without COPD recruited into the COPDGene study, greater wall area percentage was still seen in women as compared with men. 68 Hence from these data, it is difficult to know to what extent airway alterations relate to gender or a combination of gender and COPD pathobiology. However, it is conceivable that pathologically smaller airway lumens in women relative to men could contribute to increased symptoms.
While sex-specific differences in pulmonary function and exercise performance have previously been established in normal individuals, 69 results of a cross-sectional analysis showed that men and women with COPD, even at equivalent levels of pulmonary dysfunction, differed in decline in functional aerobic capacity. 69 While men showed progressive loss of body weight, exercise ability, oxygen pulse, and maximum exercise ventilation with mild pulmonary dysfunction, women did not lose weight and maintained usual exercise ability and oxygen pulse until progression to moderate or severe disease. 69 While the exact underlying mechanisms responsible for the decline in functional aerobic capacity are unknown, the difference in functional capacity may be related to a decrease in oxygen pulsean indicator of cardiac stroke volumeoccurring earlier in the natural history of the disease in men as compared with women. 69 At the same time, however, women may still demonstrate more breathlessness for a given level of exercise. A study examining cardiopulmonary exercise testing showed that women had a greater intensity of dyspnea during a given ventilation and work rate. 57 Differences in body composition between the sexes may play a role in the differences in clinical presentation. Results of a recent study of women participating in the UK Biobank showed that reproductive health indicators such as late menarche (>15 years of age), early menopause (<47 years of age), parity >3, history of polycystic ovary syndrome, hormone replacement therapy use, or hysterectomy were associated with a greater risk of COPD-related hospitalization/death whereas oral contraception use was associated with lower risk of COPDrelated hospitalization/death. 70 
Discussion
Gender differences in the clinical presentation and prognosis for COPD have been previously described. 25, [71] [72] [73] [74] For example, women have more severe COPD symptoms than men, 25 despite less smoking exposure history. 61, 71 Furthermore, women have a greater risk of exacerbations (after adjusting for smoking) 24, 25 and, COPD-related hospitalization and death compared with men. 75, 76 Other factors, such as comorbidities and adherence to treatment may also differ between men and women and should be considered. 72, 74 A goal of this literature review was to investigate biological factors potentially underlying these differences. Overall, we found the number of such studies to be limited. However, the studies we found support sex differences in cell function and regulation as well as structural and physiological differences, which may contribute to the differences noted in clinical phenotype. A common theme identified across several studies was an increase in inflammatory markers in women with COPD, which may relate to differences in body composition. In particular, leptin levels correlated with plasma CRP concentration in women with COPD, but not in men. 30 Leptin has previously been associated with emphysema 36, 77 and low lung function. 77 Leptin is known to be elevated even among healthy women compared with healthy men and may be driven by differences in fat distribution. 33, 34 Therefore, it is possible that elevated leptin levels in women with COPD contribute to sex differences in disease pathology and clinical course. Gender differences in body composition may also increase other inflammatory mediators. 38 In the ECLIPSE study, higher subcutaneous adipose tissue area was associated with greater CRP and fibrinogen levels in women. 38 In another study, IL-16 was associated with BMI in women with COPD but not in men. 39 Previously, IL-16 has been associated with asthma 78 and smokers with chronic bronchitis 79 and, hence, could contribute or reflect phenotypic differences that have been observed in women. The SAPALDIA study also demonstrated that weight gain, increased CRP, and rapid FEV 1 decline were uniquely associated in women but not in men, 42 again suggesting that body composition may mediate the relationship between gender and increased inflammation in COPD.
Dysregulation of the immune response was also noted in several studies as a possible contributor to gender differences in COPD. For example, gender differences in the expression of CCR5 on CD8+T cells may cause variations in T-cell recruitment to the lungs, 44 contributing to the inflammatory process. 80 Dysregulation of autophagy was also found in women with COPD. 49 In the Karolinska COSMIC cohort, 49 proteomic profiling of lung immune cells revealed several phagocytosis-related pathways to be more dysregulated in women and correlated with lung function and emphysema. 49 Correspondingly, increased oxidative stress in women with COPD compared with men were also noted. [50] [51] [52] Oxidative stress pathways are believed to contribute to COPD development 81 as well as exacerbations. 82 While the mechanism for these differences is not completely understood, smoking-induced sex-specific differences in the transcriptomic response of peripheral leukocytes suggest smoking may induce a sex-specific phenotype. 55 Finally, histological, physiological, and structural differences associated with the lung were observed between men and women with COPD. 56, 61, 67 In few studies, women had smaller airway lumen, thicker airway walls, and less extensive emphysema than men. 61, 62, 65 A predominance of emphysema could partially account for the reduction in maximum exercise ventilation reported in men with COPD. 69 Moreover, several reproductive health indicators were associated with a greater risk of COPD-related hospitalization/ death suggesting that female reproductive hormones may play a role in the pathogenesis of COPD. 70 Additional studies are needed to improve our understanding on how these differences contribute to the overall clinical manifestations of COPD and ultimately treatment.
The ultimate question is whether these biological differences result in differential response to therapy. Unfortunately, data to date regarding differential therapeutic responses are inconsistent. [83] [84] [85] [86] A subgroup analysis of data from the Understanding the Potential Long-term Impact of Tiotropium (UPLIFT ® ) study reported that tiotropium resulted in similar improvements in lung function, exacerbations, and health status in men and women. 83 Similarly, in the TRial of Inhaled STeroids ANd long-acting β2 agonists (TRISTAN) study, salmeterol/fluticasone combination therapy produced significant improvements compared with placebo in lung function, exacerbation, and health-related quality of life in men and women. 85 In a post hoc analysis of the FLAME study, indacaterol/glycopyrronium reduced exacerbations and improved lung functions in men and women. 86 However, in an analysis of pooled data from 6108 patients with moderate to very severe COPD who participated in 6 studies of the IGNITE program, while treatment with indacaterol/glycopyrronium showed similar improvements in lung function, improvements in health status, dyspnea, rescue medication use, and symptoms were generally greater in women vs men. 84 One possibility is that similar increases in airway diameter may have greater impact in women where airway diameters are already smaller to begin with. Therefore, given the potential biologic gender differences we have identified in this review as they relate to biologic pathways, further studies examining therapeutic differences in men and women with COPD are clearly warranted.
We acknowledge that this analysis has several limitations. Although our search was extensive, men were the sole focus of almost one-third of the screened articles. Therefore, only a limited number of articles focusing on COPD in women could be included. In addition, statistical analysis (ie, meta-analysis) of the data was not feasible due to the inclusion of a diverse range of studies with differing patient populations and outcome measures.
Conclusion
Results of this systematic review indicate that sex may influence cell function and inflammatory pathways as well as histological, structural, and physiological differences that may contribute to differences in the clinical expression of COPD observed between men and women. However, further studies are needed to link these biological mechanisms with clinical observations. An improved understanding of these underlying differences is important for improved diagnosis, treatment, and monitoring of COPD in women.
